The Rx locus in potato controls extreme resistance to most isolates of potato virus X (PVX). The resistance is expressed in whole plants and in protoplasts. Rx-mediated resistance in protoplasts causes reduced accumulation of all PVX RNA species, including the (-) strand RNA after a lag of 8 hr postinoculation. In work reported elsewhere, we have shown that the Rx-breaking property of PVXHB was associated with the coat protein gene of PVXuK3 and PVXcp4. Here, we describe how a frameshift mutation in the coat protein gene had no effect on Rx resistance breaking but compromised the Rx-mediated resistance to PVXcp4. We also describe how in coinoculation experiments, the Rx-mediated resistance could be induced to affect PVXHB or cucumber mosaic virus (CMV). In these experiments, PVXnB or CMV was coinoculated to protoplasts (Rx genotype) together with an isolate of PVX, which is affected by Rx. We interpret this data to indicate that Rx-mediated resistance is induced when the PVX coat protein is produced in the infected cells and that the induced resistance mechanism is effective against viruses unrelated to PVX.
INTRODUCTION
There are many types of virus resistance mechanisms in plants (Fraser, 1990) . In some instances, the suppression of the virus may be due to direct inhibition of an essential viral function. An example of such direct resistance is encoded by a dominant gene of cowpea that controls resistance to cowpea mosaic virus. The product of this gene inhibits the protease required for processing of viral proteins (Ponz et al., 1988) . The Tml gene of tomato may be a second gene of this type in which the resistance is direct: it has been proposed that the product of Tml confers resistance to tobacco mosaic virus (TMV) by disrupting the function of the virus-encoded replicase component (Meshi et al., 1988; Yamafuji et al., 1991) . Other types of virus resistance may be indirect, involving the elicitation of an antiviral defense reaction in the host plant following the recognition of the virus, its genome, or a nonstructural protein encoded by the viral genome (Fraser, 1990 ). The induced defense reactions may be associated with a hypersensitive response (HR) at the site of infection, leading to production of local necrotic lesions. This second type of resistance explains many examples of virus resistance, including the Wmediated resistance in tobacco against TMV, in which the elicitor of the defense reactions is the viral coat protein (Culver and Dawson, In the direct and indirect types of resistance, it is not known precisely how the plant cell recognizes the presence of the 1991).
1 To whom correspondence should be addressed. virus, nor is it known, for the induced resistance, how the recognition event leads to the elicitation of antiviral defense mechanisms. To shed more light on these questions, we are analyzing the resistance to potato virus X (WX) in potato (Solanum fuberosum) (Cockerham, 1970) . In this paper, we describe resistance mediated by the Rx loci. These two loci, which are unlinked (Ritter et al., 1991) , have been introgressed into various cultivars of potato from the related species S. andigena and S. acaule. Rx-mediated resistance is particularly effective and has been described as either "extreme resistance" or "immunity" (Adams et al., 1986; Saladrigas et al., 1990; Ritter et a1.,1991; Tozzini et al., 1991) , although the latter term is not strictly accurate: there may be low-leve1 W X accumulation under certain conditions in plants that carry Rx (Benson and Hooker, 1960) . Superficially, the phenotype of Rx is similar to the phenotype of Tml (Yamafuji et al., 1991) in that resistance is expressed in protoplasts inoculated with virus or viral RNA as an almost complete suppression of viral RNA accumulation.
Rx-mediated resistance is highly effective not only in the degree of resistance but also in the specificity of the effect: there is only a single isolate described, PVXH~, that is able to overcome Rx-mediated resistance (Moreira et al., 1980) . In this paper, we use the term "resistance breaking" when referring to PVXHB and derivative isolates that have the ability to accumulate to a high leve1 in the protoplasts of potato carrying Rx. We refer to other isolates that do not accumulate in the Rx protoplasts as being "resistance sensitive." A molecular recombination analysis of PVXHB and the resistance-sensitive strain PVX UK3 has shown that the resistance-breaking property of PVX H e is due to a feature of the coat protein gene or the coat protein (Kavanagh et al., 1992) . In this paper, we describe experiments designed to analyze the nature of the fix-mediated resistance and, in particular, to determine whether the ability of PVX H e to overcome Rx is due to an effect of the coat protein or its gene and to find out whether the resistance is a direct or an indirect mechanism. These experiments all exploited the expression of the fix-mediated resistance in potato protoplasts (Adams et al., 1986; Saladrigas et al., 1990) and allowed us to analyze mutant forms of PVX that do not infect intact plants and to introduce different isolates or types of virus in the same cell.
RESULTS

Phenotype of fix-Mediated Resistance in Potato Protoplasts
It was known from previous work that PVX does not accumulate efficiently in protoplasts or leaves of potato cultivars carrying the fix gene (Adams et al., 1986; Tavantzis, 1990) , whereas in rx cultivars, PVX accumulates to a high level, fix-mediated resistance in protoplasts was observed with RNA or virion inocula (Adams et al., 1986) and affected overall levels of both viral RNA and virion accumulation. However, it has not been shown previously whether the resistance reduced all viral RNA species or whether the genomic, subgenomic, or (-) strand RNAs were differentially affected.
To obtain this information, we performed experiments with protoplasts of potato cultivars Cara and Maris Bard. Cara carries the fix locus, whereas Maris Bard is fully susceptible to PVX (rx genotype). The viral isolates used were PVXuio and PVX KH 2. PVXuio is fix sensitive, and PVX KH 2 (Kavanagh et al., 1992 ) is a derivative of PVX H e. which has retained the fixbreaking property of its progenitor. The viral isolates were inoculated to protoplasts as RNA, and the protoplast RNA was sampled at 24 hr postinoculation. The gel blot analysis of these RNA samples is illustrated in Figure 1 and shows that in the Maris Bard protoplasts, there were three major PVX (+) strand RNA species produced, corresponding to the 6.4-kb genomic RNA and the 2.1-and 0.9-kb mRNAs ( Figures 1B and 1D ). There was also a fourth RNA (the RNA species migrating between the 2.1-and 0.9-kb species in Figures 1C and 1D ) in some experiments with PVX KH 2; this RNA species may correspond to a bicistronic mRNA for the 12-and 8-kD proteins (Morozov et al., 1991) . In the Cara protoplasts inoculated with PVX UK3 , there was at least 10-fold less of all these RNAs than in the Maris Bard protoplasts inoculated with the same RNA. The reduction was not due to nonspecific resistance of the Cara protoplasts because both they and the Maris Bard protoplasts were equally susceptible to PVX K H2 ( Figures 1C and 1D) . In contrast to earlier results (Saladrigas et al., 1990 ), we did not find that increasing the level of the inoculum resulted in Protoplasts of potato cultivars Maris Bard (rx genotype) or Cara (Rx genotype) were inoculated with either 1, 2, 4, 8, or 16 ng of purified PVX RNA and cultured for 24 hr. The PVX inocula were either PVXura or PVX K H2-PVX RNA accumulation was measured by gel blot analysis of total nucleic acid extracted from the protoplasts. Each lane of the gel was loaded with the RNA equivalent of 50,000 protoplasts. The hybridization probes were specific for the (+) strand RNA of PVX, as described in Methods. The major RNA species detected by these probes corresponded to the 6.4-kb genomic RNA and the 2.1-and 0.9-kb subgenomic RNAs, as indicated between the panels. The inoculum strength (micrograms per milliliter) is indicated above each lane of the autoradiograph. (A) Cara protoplasts inoculated with PVX UK3 . (B) Maris Bard protoplasts inoculated with PVXura-(C) Cara protoplasts inoculated with PVX KH 2-(D) Maris Bard protoplasts inoculated with PVX KH 2 breakdown of the resistance: the differential accumulation of PVX UK 3 was similar with inocula of different concentrations up to 16 ug/mL PVX RNA ( Figures 1A and 1B) . Figure 2 shows a gel blot analysis of samples from a time course experiment with probes specific for either (+) or (-) strand RNA. The PVX-susceptible protoplasts from Maris Bard continued to accumulate the (+) strand genomic RNA and mRNAs until 24 hr postinoculation (Figures 2B and 20) . In the Cara protoplasts, the PVX UK 3 RNA accumulation had reached the same level as in the Maris Bard at 4 and 8 hr postinoculation (Figures 2A and 2B) . However, between 8 and 16 hr postinoculation, the rate of PVX UK3 accumulation was slower in the Cara protoplasts, and by 24 hr, the final level of PVX RNA in Cara protoplasts was less than 10% of the level in the Maris Bard protoplasts (Figures 2A and 2B) (C) and (G) Cara protoplasts inoculated with PVX KH 2-(D) and (H) Maris Bard protoplasts inoculated with PVX KH 2-The hybridization probes for (A) to (D) were specific for the (+) strand RNA of PVX, as described in Methods. The major RNA species detected by these probes corresponded to the 6.4-kb genomic RNA and the 2.1-and 0.9-kb subgenomic RNAs, as indicated between the panels of the figure. The hybridization probes for (E) to (H) were specific for the (-) strand of PVX RNA and detected only one major RNA species of 6.4 kb.
equally well and with similar kinetics in both types of protoplasts ( Figures 2C and 2D ). An analysis of protoplast RNA with a probe specific for the (-) strand RNA also showed an inhibitory effect of Rx that was specific to PVX UK 3. The Cara protoplasts accumulated substantially less of the (-) strand RNA of PVX UK3 than the susceptible Maris Bard ( Figures 2E and 2F) protoplasts, whereas the (-) strand RNA of PVX KH 2 accumulated equally well in both Cara and Maris Bard protoplasts (Figures 2G and 2H) . The results presented in Figures 1 and 2 therefore indicate that fix-mediated resistance affects the accumulation of all PVX RNAs.
PVX Isolates with Mutant Coat Protein Are Able to Overcome Rx
In our previous analysis of PVXne. we showed that the resistance-breaking property of this isolate is associated with the coat protein gene (Kavanagh et al., 1992) . However, that analysis did not determine whether resistance breaking resulted from an active or a passive feature of PVX H B-In principle, it was possible that PVXHB encoded an active suppressor of fix-mediated resistance. Alternatively, resistance breaking could be a passive trait if PVXHB lacked a feature that, in other isolates of PVX, is required for fix-mediated resistance to be effective. These alternatives were tested by inoculation of potato protoplasts with transcripts of mutant derivatives of pKH2 and pTCP4. These plasmids were cDNA clones of PVX K H2 and PVX C p 4 , respectively, from which infectious RNA can be produced in vitro. PVX C p4 was chosen as the resistance-sensitive strain for these experiments, rather than PVX UK3 , due to its higher degree of sequence similarity with PVX K H2 in the coat protein gene. This feature allowed us to construct precisely equivalent mutations in both the resistance-sensitive and the resistance-breaking background. The mutation in pCP4(N) and pKH2(N) caused the reading frame of the coat protein gene to terminate immediately after the sequence of an Nhel site in the viral cDNA, as shown in Figure 3B . The transcripts of the mutant or wild-type forms of these plasmids were inoculated either to cultivar Cara (fix genotype) or cultivar Maris Bard (rx genotype) protoplasts, and the accumulation of viral RNA was assessed by gel blot analysis. The results shown in Figure 3C illustrate that mutation of the coat protein gene had no effect on resistance breaking per se: the RNA of the mutant derivative of PVX KH 2 accumulated as well in Cara protoplasts as in Maris Bard ( Figure 3C ). This result is not consistent with the suggestion that the coat protein of PVX H e is a suppressor of fix-mediated resistance because mutation of the gene for a suppressor of resistance would have resulted in loss of the resistance-breaking phenotype. However, there was an effect of the mutation on the resistance to PVXcpa: the mutant of PVXcp4 had lost the resistance sensitivity of the progenitor isolate and accumulated as well in the Cara as in the Maris Bard protoplasts. Furthermore, because the degree of or Cara (c) inoculated with transcripts of wild-type or mutant forms of pTCP4 (PVX CP4 ) or pKH2 (PVX K H2>-The lanes of the autoradiograph are labeled CP4 or KH2 if the inoculum was the wild-type RNA and CP4(N) or KH2(N) if the mutant inocula were used. The hybridization probes were specific for the (+) strand RNA of PVX, as described in Methods. The major RNA species detected by these probes were the 6.4-kb genomic RNA and the 2.1-and 0.9-kb subgenomic RNAs identified on the right-hand side of the autoradiograph.
resistance was affected by a frameshift mutation in the coat protein gene of PVX CP 4, it is likely to be a protein-mediated phenotype rather than a direct effect of the viral RNA. Our interpretation of the experiments described above is that the genetically defined interaction of PVXcp4 with Rx is determined by a feature of the viral coat protein and that this feature is absent from PVX H a-To determine whether this interaction leads to an induced resistance in the inoculated cells, a series of experiments was performed involving double inoculation of both resistance-sensitive and resistance-breaking isolates. It was predicted that an induced resistance would result in inhibition of both isolates in the double inoculated cells. As with the experiments described above, the protoplasts were assayed by gel blot analysis using a probe designed to detect the 3' end of the (+) strand RNA; the strains used were PVXuio and PVX KH2 .
The RNA gel blot analysis of Maris Bard protoplasts, shown in Figure 4 , confirmed that both PVXuio and PVX K H2 accumulated to a similar level when inoculated individually. The double inoculation in the Maris Bard protoplasts showed that there was no interference between the strains ( Figure 4B ). Of the two strains, only the resistance-breaking FVX KH 2 accumulated efficiently in the Cara protoplasts when inoculated individually. Following double inoculation, the total accumulation of FVX RNA was less than in the Cara protoplasts inoculated with PVX K H2 alone ( Figure 4A ). We therefore concluded that there was an induced resistance in the Cara protoplasts resulting from the presence of PVXuraTo obtain further evidence for the induced resistance, a similar experiment was performed in which cucumber mosaic virus (CMV) (strain Kin) was coinoculated with PVX UK3 or PVX K H2-In this gel blot analysis, shown in Protoplasts of potato cultivars Maris Bard (rx genotype) or Cara (Rx genotype) were inoculated with RNAs of PVXuio (UK3) (4 ng) and PVX KH 2 (KH2) (2 ng) either individually or together. The protoplasts were cultured for 24 hr postinoculation, and PVX RNA accumulation was measured by gel blot analysis of total nucleic acid extracted from the protoplasts. Each lane of the gel was loaded with the RNA equivalent of 50,000 protoplasts. The hybridization probe used was specific for the (+) strand RNA and detected major RNA species corresponding to the the 6.4-kb genomic RNA and the 2.1-and 0.9-kb subgenomic RNAs, as indicated between the panels. specific for CMV RNAs. The major RNA species detected were the three genomic RNAs, the subgenomic RNA 4, and minor RNA species, which may represent multiple mRNAs or degradation products of the genomic RNAs. In the Maris Bard protoplasts, CMV RNA accumulated to a high level, irrespective of whether CMV RNA was inoculated alone or together with either of the PVX strains ( Figure 5 ). In the Cara protoplasts, CMV RNA accumulated as efficiently as in Maris Bard when inoculated alone or together with resistance-breaking PVX K H2-However, in the Cara protoplasts inoculated with CMV and PVX UK 3, there was a lower level of CMV RNA accumulation ( Figure 5 ) than with the other inocula.
These results with the double inoculations showed that the resistance induced by PVX UK 3 in the Cara protoplasts was not a virus-specific effect. To test whether this resistance was associated with death of the infected cells, as in cells showing an HR, the proportion of infected and viable cells was measured following inoculation of Cara or Maris Bard protoplasts with either of the two strains of PVX used in these experiments. The results showed that the extent of cell death was unaffected by the combination of plant genotype and virus isolate. In different experiments with Cara and Maris Bard protoplasts, the proportion of cells dying during the protoplast incubation period varied from 10 to 25%. This value is substantially lower than the levels of protoplast infection in the same experiments; these levels were higher than 40% in Maris Bard or Cara inoculated with PVX K H2-It was not possible to measure the proportion of Cara protoplasts infected with PVXuio because the level of virus accumulation was too low (Figures 1 and 2 ) to give a reliable signal by immunofluorescence microscopy. However, we can make an indirect estimate of the proportion of Cara protoplasts infected by PVXuio by comparing the relative infectivity of PVXuio and PVX K H2 in Maris Bard protoplasts and assuming that the same relationship would apply in Cara protoplasts. In repeated experiments, both isolates infected 40 to 60% of the Maris Bard protoplasts, and PVX KH 2 infected a similar proportion of Cara protoplasts. We therefore estimate that 40 to 60% of the Cara protoplasts would have been infected with PVXuio and that, if fix-mediated resistance involved an HR resulting in cell death, the proportion of cells dying during the incubation period would have been higher than the 10 to 25% values observed when a resistancesensitive isolate was inoculated to Cara (Rx) protoplasts.
DISCUSSION
In previous work, we have shown that the fix-breaking property of PVX H s is a feature of its coat protein gene (Kavanagh et al.,1992) . However, these earlier experiments left open several interpretations of how fix-mediated resistance might operate against PVX. In particular, it was not shown definitively whether the resistance-breaking trait was due to a feature of the coat protein of the virus or its gene. That point has now been resolved by the experiments reported here in which a frameshift mutation in the viral coat protein was demonstrated (Figure 3 ): the absence of sensitivity to fix-mediated resistance in the forms of PVX with a frameshift mutation in the coat protein gene indicates that resistance breaking is due to a feature of the coat protein rather than the gene. This conclusion is reinforced by our unpublished observations that two other frameshift mutations further 3' in the coat protein gene of PVX CP4 and one mutation further 5' in the coat protein gene of PVXuio also affect the interaction of the virus with fix (B. A. Kohm, M. G. Goulden, and D. C. Baulcombe, unpublished data) . We have also shown that coding sequence modifications, but not silent changes in the coat protein gene, also affect the sensitivity of the virus to fix-mediated resistance .
In addition, because the effect of deletion mutations in the coat protein abolished resistance sensitivity rather than eliminated resistance breaking (Figure 3) , we concluded that resistance breaking is a passive trait of the PVX H e coat protein: fix-mediated resistance must depend on an active feature of the coat protein of PVX, which is absent in the resistancebreaking strain PVX H B-The most straightforward interpretation of these data is that resistance is the consequence of an interaction between the product of fix and the coat protein of WX. However, we cannot yet conclude that the coat protein is the only participant in the interaction with Rx, although we have established (6. A. Kohm and D. C. Baulcombe, unpublished data) that Rx-mediated resistance is effective in potato protoplasts with mutant derivatives of W X that do not express functional triple gene block products, which are the putative movement proteins of PVX (Beck et al., 1991) . It also remains possible that cellular components other than the product of Rx also participate in the interaction. If that is the situation, the genetical analysis, showing that Rx is inherited as a single locus (Cockerham, 1970) , requires that the other cellular components are encoded in the genomes of both the resistant and susceptible cultivars or that their genes are linked to Rx. Other examples of virus resistance active in protoplasts involve direct inactivation of avirus pathogenicity factor: a gene in cowpea (cv Arlington) inhibits the virus-encoded protease necessary for processing of virus-encoded proteins (Ponz et al., 1988) , and the Tml gene of tomato may act by inhibition of the TMV-encoded replicase subunit (Meshi et al., 1988) . We had originally proposed that Rx might also act directly (Kavanagh et al., 1992) . This proposal was an extrapolation from the separate findings that expression of the PVX coat protein is implicated in the Rx interaction (Kavanagh et ai., 1992) and in control of W X RNA accumulation in tobacco protoplasts . It was therefore considered possible that Rx might directly inhibit coat protein-mediated accumulation of W X RNA. However, in the light of data presented here, we now find it necessary to revise our view of Rx-mediated resistance. First, the requirement of coat protein for RNA accumulation does not apply in potato in the same way as in tobacco (Figure 3) (Chapman et ai., 1992) . Second, the double inoculation experiments with WXuw and either PVXKHP or CMV produced data that are mostly easily explained in terms of an indirect action of Rx, involving an induced change in the Rx cells. The induced change was manifested as resistance to PVXKH~ or even to CMV, following inoculation of the Cara protoplasts with PVXuw. We have also observed similar induced resistance to TMV in the PVX-inoculated protoplasts of potato cultivar Cara (B. A. Kohm, J. E. Gilbert, and D. C. Baulcombe, unpublished data) .
The time course of viral RNA accumulation in the potato protoplasts is also consistent with a requirement for an induced change to bring about resistance in the inoculated cells. In the first 8 hr postinoculation, WXuw RNA accumulated at the same rate in either Cara (Rx) or Maris Bard (rx) protoplasts. A differential became apparent only at later times when the leve1 of coat protein would have built up to the threshold required for elicitation of resistance or when there had been sufficient time for activation of the resistance mechanism.
lnduced resistance mechanisms are frequently associated with an HR of the infected cells and the appearance of necrotic local lesions around the site of infection, for example, with the N or NTMV resistance genes in tobacco. It was therefore surprising to find that Rx-mediated resistance, which is normally associated with a nu11 response on the inoculated leaf, is also caused by an induced effect. This new finding has prompted us to ask whether the resistance mediated by Rx and the HRassociated resistance are variations on a common mechanism. There is no final answer to this question, but there are some other findings that are consistent with the similarity of these two types of resistance. For example, the phenomenon of systemic acquired resistance shows that there is a component of HR-associated resistance that does not depend on cell death (Ward et al., 1991; Enyedi et al., 1992) . Conversely, there is evidence that the Rx-mediated resistance has a potential association with the HR: necrotic lesions appeared on a potato cultivar carrying Rx following PVX inoculation by grafting and on plants maintained at low temperature (Benson and Hooker, 1960) . The relationship of Rx-mediated resistance and resistance associated with the HR is discussed in more detail by .
Although resistance interactions of plant viruses are often considered separately from those of bacteria and fungi, there are severa1 reasons for considering all of these interactions as part of an integrated defense system in plants against pathogen attack. For example, the resistance to bacterial, fungal, and viral pathogens of the plant is actively controlled by dominant resistance genes, and these pathogens each have one or more components that are recognized by the resistance gene. In bacterial and fungal pathogens, this component is referred to as an avirulence determinant. The analyses of the TMVcoat protein in N'interactions (Culver and Dawson, 1991) and the PVX coat protein in the Rx interaction reported here show that the viral coat proteins fulfill the role of avirulence determinants both functionally and genetically. There are also mechanistic similarities in resistance responses of these diverse pathogens: the same pathogenesis-related proteins and biochemically similar HRs may be associated with resistance to bacterial, fungal, or viral pathogens. The availability of higher resolution data about the chromosomal location of Rx (Ritter et al., 1991) , additional information about features of the viral coat protein involved in the interaction with Rx, and access to a well-characterized protoplast system displaying the resistance phenotype will help us to understand more completely how Rx-mediated resistance operates and provide general information about plant defense systems against disease.
METHODS
Plant Material
In Plants grown in a growth chamber (10-hr darWl4-hr light cycle at 2OOC) were also used for protoplast isolation. Prior to isolation of protoplasts, the leaves were treated with 10% bleach for 10 min and then washed four times with sterile distilled water. The midvein of each leaf was removed before protoplast isolation.
Virus lsolates and Inocula
Potato virus X (PVX) isolates PVXuw and PVXHB were described previously (Kavanagh et al., 1992) . WXKH2 is an Rx-breaking derivative of PVXulo with the PVXHB coat protein gene. PVXcp4 was described first by Jones (1985) . These isolates were propagated on Nicofiana fabacum or N. clevelandii and purified as described by Baulcombe et al. (1984) . The viral RNA was purified by phenol-chloroform extraction of virus particles.
The mutant derivatives of PVXKH2 and PVXcp4 were prepared by modification of full-length viral cDNA in plasmids from which infectious viral RNA was obtained by in vitro transcription with T7 RNA polymerase (Kavanagh et al., 1992; . The plasmids pTCP4(N) and pKH2(N) were modified versions of the respective full-length cDNAs obtained by the filling in of the single-stranded DNA of Nhel sites at position 5791 with the Klenow fragment of DNA polymerase I. The modification introduced a frameshift mutation so that the translation stopped at position 5794. Transcripts of the cDNAs and their progenitor constructs were produced as described by Chapman et al. (1992) . purified by phenol extraction, precipitated from 2 M LiCI, and purified by spin dialysis prior to inoculation to protoplasts. Each aliquot of 5 x 105 protoplasts (see belm) was inoculated with the transcripts from a 50-pL reaction containing 5 pg of DNA.
Cucumber mosaic virus (CMV) (Kin strain) was obtained by passage of the transcripts of cDNA clones of RNAs 1,2, and 3 (Boccard and to N. fabacum cv Samsun. The viral RNA was purified as described by Boccard and Baulcombe (1993) .
Protoplast lsolation
Leaves of potato plants were thinly sliced in 0.5 M mannitol. The mannitol solution was changed, and the leaves were left 3 hr for plasmolysis with the mannitol being changed a second time after 1 hr. Subsequently, 10 mL of enzyme solution (containing 1% cellulase R-10 [Onazuka; Yakult Pharmaceutical Co. Ltd., Japan], 0.25% macerocyme, 8 mM CaCI,, 0.4 M mannitol) was added to each 0.2 g of tissue and vacuum infiltrated for 40 min. The tissue was incubated for 14 hr at 25OC in an orbital shaker at 40 rpm.
The macerated tissue was filtered through a 60-pm mesh sieve and centrifuged for 10 min at 709. The pellet was resuspended in 0.5 M sucrose and centrifuged for 10 min at 150g. The floating protoplasts were collected, resuspended in 0.5 M mannitol, and fully collected by centrifugation for 10 min at 709.
lnoculation of Protoplasts by Electroporation
Protoplasts were dispensed in samples of 5 x 105 protoplasts and centrifuged for 3 min at 709. The supernatant was discarded. Vira1 RNA, purified as described by Baulcombe et al. (1984) or from in vitro transcription of cDNA clones, was added to 1 mL of ice-cold 0.5 M mannitol, and protoplasts were resuspended in this suspension. The electroporation was performed at 1000 V/cm for 2 msec (type PS 500 XT DC; Hoefer Scientific Instruments, San Francisco, CA). After electroporation, the protoplast suspension was kept on ice for 10 min and centrifuged for 3 min at 709.
After inoculation, the protoplasts were resuspended in 1 mL of protoplast medium (Nagata and Takebe, 1970) with 0.5 M mannitol instead of 0.7 M mannitol. Augmentin (100 FglmL) was added to the Takebe medium to prevent bacterial growth. The protoplasts were then plated in a 25-well plate (Sterilin) with a quarter-strength MS-agarose layer on the bottom of each well. Protoplasts were incubated for 24 hr at 25OC in the dark.
RNA isolation and gel blot analysis were conducted as described previously . The 32P-labeled probes for WXUm (+) and (-) strand RNA were produced from pTXS, which is afull-length cDNA of WXuw (Kavanagh et al., 1992) . The DNA was digested with Apal (position 4950) and transcribed with T3 RNA polymerase to produce a probe for (+) strand RNA or T7 RNA polymerase for the (-) strand probe. The 32P-labeled probes for the (+) strand of PVXHB, PVXcp4, and their mutant derivatives were produced by transcription of Apal-digested pHB-RP with T7 RNA polymerase. pHB-RP has the 3' terminal 25 kb of the PVXHB genome and is effective for both WXHB and WXcp4 because these isolates are 90% identical at the nucleotide leve1 in that region (Kavanagh et al., 1992) . The transcription conditions were described previously .
The probe for cucumber mosaic virus (CMV) was a 32P-labeled RNA complementary to the 3' terminal 324 nucleotides of RNA 3 (Boccard and . This probe included a region that is conserved in all three genomic RNAs of CMV.
lmmunofluorescence Staining A drop of the protoplast suspension was added to microscope slides coated with glycerin albumin and allowed to air dry. The protoplasts were fixed in 1000/0 methanol for 15 min and washed for 30 min in PBS. One drop of polyclonal antibody to PVX (5 pg/mL) was added, and the protoplasts were incubated for 1 hr at room temperature in a moist chamber. To remove the excess antibody, the protoplasts were then washed for 1 hr at room temperature with PBS. One drop of fluorescein isothiocyanate-conjugated antibody (anti-rabbit; Dako, High Wycombe, Bucks, UK) was added, and the protoplasts were incubated in a moist chamber for an additional 1 hr at room temperature. To remove the excess antibody, the protoplasts were again washed in PBS for 1 hr at room temperature. The protoplasts were mounted in one drop of glycerollPBS (antifade; Cityfluor Ltd., Canterbury, UK) and sealed with nail varnish. Specific immunofluorescence was detected by microscopy under UV light.
